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LAT (Linker for Activation of T cells) couples the T cell receptor (TCR) to downstream signaling 
effectors via tyrosines within its cytoplasmic tail. We provide genetic evidence that LAT exerts an 
unanticipated inhibitory function on the differentiation of CD4 helper T (Th) cells into T||2 celts. Mice 
homozygous for a mutation of a single LAT tyrosine show both an impeded T cell development and a 
precocious and spontaneous accumulation of polyclonal Tii2 cells which chronically produce large 
amounts of interleukin 4, 5, 10 and 13. This exaggerated Tii2 differentiation leads in turn to tissue 
cosinophilia and to the maturation of massive numbers of plasma cells secreting IgE and IgGl antibodies. 
Thus, in addition to known positive signaling, LAT appears also essential for establishing inhibitory 
signals that control T cell homeostasis. 
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TCR recognize peptide fragments bound to major histocompatibility complex (MHC) molecules 
and relay this information to the interior of the T cell via adapter proteins. One of these, the adapter LAT, 
coordinates the assembly of signaling complexes through multiple tyrosine residues within its 
intracytoplasmic segment (I). Upon TCR-induccd phosphorylation, each of these tyrosines manifests 
some specialization in the signaling proteins it recruits. For instance, mutation of tyrosine 136 (Y136) 
selectively eliminates binding of phospholipasc Cyl (PLC-yl) whereas the simultaneous mutation of 
Y 1 75, Y 1 95 and Y235 results in loss of binding of downstream adapters Gads and Grb-2 (2-4). During T 
cell development, the prc-TCR and the ap TCR control the transition from the double negative (DN) to 
the double positive (DP) stage, and the transition from the DP to the single positive (SP) stage, 
respectively. These two molecular sensors of developing T cells share many signaling components with 
the TCR on mature T cells. In support of this view, mice deficient in LAT (LAT'O, or with a mutation of 
the four carboxy-terminal Qrrosine residues (YI36, Y 1 75, Y 195 and Y235) of LAT (LAT^^*''^^'') rcvcalcd 
that LAT is essential for the function of the pre-TCR (5,6). 

To test in vivo the importance of LAT Y136, we generated knock-in mice with a mutation 
replacing Y136 with phenylalanine (Y136F). Mice homozygous for the LAT Y136F mutation, hereafter 
denoted LAT^"*^, were bom at expected Mcndelian frequencies and their T cells contained levels of LAT 
proteins similar to wild-type T cells (7). At birth LAT^*'**' mice displayed peripheral lymphoid organs of 
normal size. Beginning at about 3 weeks, however, the spleen and lymph nodes of the mutant mice started 
to enlarge relative to wild-type littcrmatcs, such that by 15 weeks of age, spleen cellularity was 
approximately 10 times that of wild-type mice (Fig.l A-C). Despite marked lymphocytic infiltrations in 
the lung, liver and kidney, homozygotes lived to at least 17 weeks of age, and no chronic intestinal 
inflammation or tumor formation was observed (8). The effects of the LAT YI36F mutation were only 
detectable after breeding mice to homozygosity or to mice carrying a null allele of the LAT gene (8). 

The thymi of LAT^*^*^"" mice were small and differed from both LAT^ and LAT^^*''^^*' thymi in 
that they contained DP cells (Fig. 1 and 2). However, tfiesc numbers wero dramatically reduced when 
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compared to agc*niatched wild-type thymi (Fig. ID and E). After reaching a peak in newborn mice, DP 
cell numbers decreased and were almost undetectable in mutant mice older than 7 weeks (Fig. 2A). 
Coincident with this progressive DP coll erosion, discrete populations of SP thymocytes started to 
dominate the thymus and showed a CD4/CD8 ratio skewed towards CD4 cells. The levels of TCR 
expressed at the surface of LAT^"^'' thymocytes were slightly (DP) or markedly (SP) lower than those 
observed in wild-type mice (Fig. 2B). The DP thymocytes found in young mutant mice were further 
distinguished from wild-type DP cells because they lacked CDS molecules at their surface (Fig. IF). CDS 
is a negative regulator of TCR signaling and its expression increases during T cell development in a 
manner proportional to the intensity of pre-TCR and TCR signaling (9-11). From these data and the 
presence of a normal complement of DN cells in LAT^"*'' thymi (8), we conclude that the LAX YI36F 
mutation resulted in a severe but partial impairment of ap T cell development, likely due to a selective 
uncoupling of the pre-TCR from PLC-yl (12). In marked constrast, this mutation did not affect detectably 
the development and maturation of 7S T cells (Fig. I B and 2E). 

Given the dearth of SP thymocytes found in newborn LAT^'^**" mice (Fig. 1 A and B), one would 
expect to detect very few SP cells in secondary lymphoid organs. However, SP cells appeared in the 
spleen and lymph nodes of LAT^"**" mice with the same kinetics as in wild-type mice, and additionally 
showed a bias in favor of CD4 cells even more pronounced than that noted in the thymus (Fig. 2C and D). 
These CD4 cells had a CD25", CD44*'\ CD62L'^ CD69'' phenotype similar to activated/memory T cells 
(Fig. 2F), and expressed low levels of TCR on their surface, an attributo that may in part account for their 
inability to respond to TCR stimulation in vitro (8). Analysis of DNA content by propidium iodide 
staining showed that the CD4 populations from wild-Qrpe and LAT^*^ mice contained 3.3 and 7.2% of 
cells in G2/S/M phase of the cell cycle, respectively (8). Moreover, when cultured In medium alone, CD4 
T cells purified from LAT^'^^^ mice showed a dramatically lower rate of spontaneous apoptosis than wild- 
type CD4 T cells (8). Therefore, the progressive accumulation of CD4 T cells in the periphery of LAT^^^^^ 
mice is probably due to both their extended survival and modestly increased proliferation. 
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A prominent phcnotypc of tlic CD4 T cells found in LAT^'^*^ mice was revealed when we 
measured their ability to make cytokines. Due to the short half-lives of cytokines and of their transcripts, 
their analysis generally requires restimulation of T cells in vitro with PMA and ionomycin (12,13). A 
multiprobe Rnasc protection assay detecting levels of transcripts of 9 cytokines showed that CD4 T cells 
freshly isolated from LAT^"^^ mice contained sufficient lL-4 and IL-10 transcripts to allow their 
detection even without ex vivo restimulation (Fig. 3A), Upon activation by PMA/ionomycin the levels of 
IL-4 and IL-IO transcripts tfiey contained were Rirthcr increased, and IL-5, IL-I3, and IFN-y transcripte 
became readily detectable (Fig. 3B). In marked contrast, wild-type CD4 T cells yielded only the IL-2 and 
IFN-Y transcnpts expected for primary T cells. Analysis of IL-4 production at the single cell level, showed 
that following a 4 hr activation with PMA/ionomycin, close to 80% of the CD4 T cells isolated from 
L;^jyi36j. mice, expressed very high levels of IL-4 (Fig. 3C). Consistent with the notion that these CD4 T 
cells were refractory to TCR stimuli, none of them scored as IL-4* in response to TCR cross-linking (Fig. 
3C). Thus, LAT^""*' spontaneously developed a high frequency of Th2 cells. In the case of wild-type CD4 
T cells, Tn2 polarization of such magnitude is only achieved following prolonged antigenic stimulation in 
the presence of IL-4 (14). 

Light scatter analysis of thymic and lymph node cells from LAT^"^'' mice older than 4 weeks 
revealed a unique cell population that was almost absent from age-matched wild-type mice, and showed 
both an intermediate forward scatter and a high side scatter (Fig. 2A and C). Based on several of criteria, 
we identified these cells as eosinophils (7). Minute numbers of eosinophils normally reside in wild-type 
thymi (15,16), and their augmentation in LAT^"*'' thymi may primarily result from an intrinsic expression 
of LAT YI36F molecules. However, LAT transcripts were undetectable in eosinophils purified from 
j^^jYi36F ^jy^ suggesting that the thymic and lymph node eosinophilla they manifest result from the 
production of IL-5 by the abnormal CD4 cells present in diesc mutant mice. Along this line, most of the 
CD4 thymocytes found in LAT^"*^ mice older than 4 weeks had a phcnotypc (CD44^', CD62L\ CD69^ 
and HSA") distinct from that expected for genuine CD4 SP thymocytes, but closely resembling that of the 
abnormal peripheral CD4 cells. Provided that the latter cells effectively recirculated to tlie thymus, the IL- 
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5 and I L- 13 cytokines they produced in situ arc likely to be primarily responsible for the progressive 
disappearance of OP thymocytes, and the thymic cosinophilia ( 1 7, 1 8). 

Secondary lymphoid organs of 6-week old LAT*"®*' mice contained 7 to 10 times more B cells 
than their wild-type counterparts. Thus, the splenomegaly and generalized lymphadcnopalhy that 
developed in young LAT^*^^*' mice can be mostly accounted for by cells belonging to the T and B cell 
lineages. Over 90% of tiic mature B cells found in the spleen and lymph nodes of 6-weck old wild type 
littermatcs had a resting phenotypc (BZZO*^. MHC class 11*, IgM*, IgD*; Fig. 4A). In marked contrast, 
only 25% of the B cells found in the enlarged secondary lymphoid organs of age-matched LAT^'^^*" 
littermatcs showed a resting phenotype. Among the r^aining B cells, 25% showed an hypcractivatcd 
phenotypc (B220*"»\ MHC class 11 ^'^\ IgD), and 50% expressed a phenotypc typical of antibody- 
producing cells (B220'^^, MHC class 11*. IgD", IgM*. CD44*''fi^; Fig. 4A). Coincident with the presence of 
Ihesc latter cells, serum IgGl concentrations were elevated approximately 200 times compared to wild- 
type mice, whereas those of IgB were elevated 2500 to 10000 times (Fig. 4B). In contrast, the levels of 
the other Ig isotypcs did not differ significantly fh>m those of wild-type serum. In support of a polyclonal 
hypergammaglobulinemia 01 and E, the concentrations of kappa and lambda light chains were both 
markedly augmented in the serum of LAT^'"*" mice (Fig. 4B). Notably, IgE and IgGl antibody 
concentrations reached a plateau as early as 5 weeks of age (Fig. 4 C), the values of which exceeded the 
extraordinarily large amounts of IgE and IgGl previously reported for mice deprived of NFATc2 and 
NFATc3 transcription factors (19). Given that B cells do not express LAT proteins (I), and considering 
that isotypc switching to IgE and IgGl is highly dependent on the presence of IL-4 and IL-13 (17), the 
overproduction of IgE and IgGl noted in LAT^'"^ mice is probably secondary to the presence of an 
abnormally high frequency of T|i2 effectors. 

The close temporal relationship existing between the appearance of the first peripheral CD4 T 
cells and the earliest signs of cosinophilia and hypergammaglobulinemia E and Gl suggested that CD4 
cells were primarily responsible for the disorders documented in LAT^"^'' mice. We tested this hypothesis 
by genetically ablating the whole T cell lineage or some of its subsets. We first used a mutation (CD3-£^; 
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20) that blocks the progression beyond the DN stage and thus prevents the devclopnicnt of all mature T 
cells . Consistent with the absence of detectable LAT transcripts in B cells and eosinophils, we showed 
that the introduction of the LAT^"^'' genotype was without detectable effect on the B cells and eosinophils 
that are normally present in CD3-e*^ mice (7). Moreover, the ccllularily and composition of the DN cell 
population found in CD3-e^* x LAT^"^^ mice were comparable to those of wild-type micc» indicating that 
the effects of the LAT YI36F mutation become manifest only at the DN to DP transition. By breeding the 
L^rpYisfip j^.^ P2-microgIobuHn-deficient mice, we directly assessed the role of the residual CDS T 
cells found in LAT^"^, and showed that they were dispensable for die development of the disorders (8). 
In contrast, the absence of CD4 T cells in mice genetically deficient for both MHC class I and class 11 
molecules (MHC KO), protected them from the pathological effects of the LAT Y136F mutation (7). 
These data indicate that the CD4 T cells found in LAT^"^*' mice are required for the development of the 
pathology. 

When compared to those present in the diymus of MHC-deflcient mice, the DP thymocytes found 
in mice of LAT Y'^x MHC KO genotype were CD5', and their numbers although reduced 20 times were 
stable over lime (7). Because they were obtained in a genetic background where noxious CD4 T cells 
cannot interfere with developing DN and DP thymocytes, these results established that the negative impact 
exerted by the LAT Y136F mutation on the DN to DP transition is cell autonomous, and conversely, that 
it is the CD4 T cells that were responsible for the progressive erosion of the DP cell compartment. The 
total absence of CDS molecules at the surface of the few DP thymocytes that develop in both LAT^"*'' 
and LAT^"*''x MHC KO mice may be part of positive tuning mechanisms allowing the pre-TCR to adapt 
to the lowered signalling potential of the LAT Y136F molecules (9-1 1). 

The absence of pathologic CD4 T cells in LAT^*'*^ mice deprived of MHC class II molecules, 
suggests that in LAT^"*'* mice these cells went through a thymic selection process involving MHC class 
II molecules. Consistent with this notion, these cells used a diverse repertoire of Vaand Vp segments (8). 
These two attributes readily distinguish them firom CDl-d restricted T cells. Given that these CD4 T cells 
were anergic when challenged via their TCR in vitro, we converted them into T cell hybridomas to 
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determine the specificity of their TCR. Due to the recessive character of the LAT Y 136F mutation, the 
cocxpression of wild-type and LAT Y136F molecules in the resulting hybridomas did not prevent the 
production of IL-2 following TCR engagement. Remarkably, all the hybridomas derived from LAT^"*"" 
CD4 T cells reacted with syngeneic spleen coils (Tabic 1), whereas control T cell hydridomas derived 
from wild«lypc CD4 T cells showed no autorcactivity (8). Notably, these two scries of hybridomas 
expressed comparable levels of TCR at their surface, and used an heterogeneous set of vp segments (8). 
Six out of the seven hybridomas derived from LAT^*'**" mice were specific for syngenic MHC class 11 
molecules, while tl)e seventh showed an additional cross-reactivity toward MHC class I molecules (Table 
I). Such unexpected reactivity against scif-MHC molecules may result from inadequate negative selection 
and account for the exaggerated help provided to B cells in vivo. Alternatively, the TCR expressed on 
£^y^jVi36F J ^ijg j^^y j^^y^ ^^^^ appropriately calibrated in relation to the LAT^*^^*" context, and it is 
only after introducing them in T hybridomas, and thus artificially increasing both their surface density and 
output, that they started displaying a reactivity toward self-MHC class II molecules. According to tliis last 
view, the polyclonal hypergammaglobulinemia E and Gl found in LAT^'^^^micc may plausibly be due to 
non cognate interactions between B cells and aberrant T cells overproducing lL-4 in a chronic manner 
(21,22). 

l^^jVi36F f^i^Q showed both a markedly impeded sequence of T cell development and a massive 
accumulation of Th2 effectors in the periphery. This paradoxical phenotypc can be accounted for if 
residue YI36 is capable of activating both a positive and a negative-feedback loops, and if in mature CD4 
T cells, ablation of the negative-feedback loop does not lead to compensatory adjustments. According to 
tliis postulated dual role, Y 1 36 of LAT may contribute to turn ofTthe signaling pathways activated at the 
time of positive selection, or to keep in check the low-level TCR signaling mature T cells require to 
survive in the periphery (23). Once this feedback attenuation function is relieved as in LAT^'^^'' mice, a 
persistent signaling state develops in mature T cells, and leads, for reasons that have yet to be defined, to 
the selective differentiation and accumulation of Th2 cells which arc locked into a chronic production of 
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IL-4, -5, * 10 and -13. This outcome distinguishes LAT^'"'' mice from Ick- or CD3-C^-deftcient strains 
which present a global diminution of TCR signaling capacity (24). The early onset of the LAT Y136- 
triggcrcd disorders (serum levels of IgE and IgGl arc already increased as early as 3 weeks of age. Fig. 
4C), distinguishes Ihcm from the T||2-iype disease thai develop in Stra 13-dcficicnt mice (25). The 
j^^jYi36F j^j^^ differ also from other mouse strains with T cell lymphoproliferative disorders (CTLA-4- 
deficient, IL2Ra-dcficicnt. Ipr and gld strains ; 26), but strikingly resemble mice deprived of NFATc2 and 
NFATc3 transcription factors (19). The combined absence of NFATc2 and NFATc3 probably disrupted 
the balance among NFAT iamily members and lowered the threshold TCR-initiated signals have to 
overcome to trigger the import of NFATcl into the nucleus and the transact! vation of the IL-4 gene. 
Therefore, presumably unleashing signal propagation at two distinct levels of the TCR transduction 
cassette, the LAT^^'^^'and NFATc2/c3 mutations triggered a runaway feedback pathway that resulted in 
similar effects on lymphoid homeostasis and T||2 differentiation. Despite these striking similarities, the 
NFATc2/c3-deflcicnt and LAT^"*** mice differ however, in that the thymi of the former were normal and 
their peripheral T cells hyperrcsponsive to TCR-mcdiated signals. The negative role postulated for the 
LAT YI36 residue can be reconciled with the recessive nature of the LAT Y136F mutation provided that 
in heterozygous mice the aberrant signals delivered by LAT YI36F molecules are blunted by signals 
emanating from the wild-type LAT molecules that colocalizc in the supramolecular activation clusters 
found at the junction between T cells and antigen-presenting cells. Despite being strikingly absent on 
L^jYi36F Qp thy„,ocyt,55^ CDS molcculcs were however readily detectable on their direct progeny 
(Fig. IF). Given the ability of CDS to dynamically tunc TCR signalling (9,1 1), this very late induction can 
be interpreted as a failed attempt to desensitize the chronically activated CD4 T cells that develop in 
L^^Yi36F j^i^p Whether other cell types known to express LAT (platelets, natural killer cells, and mast 
cells; I) are affected by the LATY136 remains to be determined. 

Finally, the pathology developed by LAT^*^^'' mice is reminiscent of the clinical features 
manifested by patients suffering from the idiopathic hypercosinophilic syndrome (27,28), raising the 



10 

possibility that they have inherited a null allele of LAT and developed clonal populations of pathogenic 
T||2-type lymphocytes as a result of somatic misscnse mutations at position 136 of the active LAT allele. 
Although the underlying mechanisms by which the LAT^'^^'' mutation impacts on T cell development and 
differentiation remain to be fully defined, our results reveal that restricting LAT to only a subset of its 
docking ftinctions affects the decision of Tn cells to differentiate into ThI or Th2 effectors. It is therefore 
possible that in a physiological context, the differential phosphorylation of some of the tyrosines found in 
LAT influences CD4 Th cell differentiation. 
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Figure L^ends 



Figure I. Impeded fetal thymic ontogeny and aberrant growth of the thymus and secondary lymphoid 
organs in LAT^*^^ mice. (A through C) Aberrant growth of peripheral lymphoid organs in LAT^'^^** 
mice. Shown are the thymus (A), the spleen (B) and the lymph nodes (C, inguinal and mesenteric), 
removed from wild-type littermatc control and 7-week old LAT^^'^ mice. (D) CD4/CD8 staining 
profiles of total thymocytes from wild-type and from LAT^'^^'' mice at different ages of embryonic life 
and at 1 and 2 weeks of age. The percentages of cells within each quadrant is indicated. (E) Absolute 
number of total thymocytes, DP cells, TCRap" cells and yd T cells found in LAT^"*''and wild-type 
thymi arc represented at the indicated ages. (F) Comparison of the levels of CD5 and HSA on DP, 
CD4 SP, and CDS SP thymocytes from 6 week-old mice expressing wild-type LAT or LAT Y136F 
molecules. Boxes define tiie specified subpopulations. The eosinophils found in LAT^'^^^ thymi were 
excluded from the analysts on the basis of their unique forward and side scatters. 

Figure 2. Phenotypie analysis of thymocytes and T cells from wild-type and LAT^"*** mice. (A) Light 
scatter analysis and CD4/CD8 staining profiles of total thymocytes from wild-type and from LAT^"* 
mice at 5 and 7 weeks of age. The percentages of cells within each gate arc indicated. (B) Comparison 
of the levels of CD3 on DP, CD4 SP, and CD8 SP thymocytes from 6 week-old mice expressing wild- 
type LAT or LAT Y136F molecules. Shaded areas correspond to staining with negative control 
antibodies and the solid lines to staining with the specified antibodies. (C) Light scatter analysis and 
CD4/CD8 staining profiles of total lymph node cells from wild-type and from LAT^'^^^ mice at 6 
weeks of ago. (D) CD4/CD8 staining profiles of spleen cells from wild-type and from LAT^'^^^mice 
at 6 weeks of age. (C) Comparison of the levels of CD3, CD69, CD62L, CD44 and CD95 on CD4* 
cells from 6 week-old mice expressing wild-type LAT or LAT Y136F molecules. (E) y8 T cells 
develop in LAT^'^^^ mice and express normal levels of TCR 7S complexes at their surface. 
Thymocytes and lymph node cells isolated from 6-week old wild-type and LAT^'^*" mice were 
analyzed by flow cytometry for the expression of TCR75 versus CD3-e. Windows were set on TCRyS*" 
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CD3-e* and TCR-yS" CD3-8'*'*''"* subpopulations. The eosinophils present In the thymi and lymph 
nodes of LAT^'^^*" mice were excluded rrom the analysis on the basis of their forward and side 
scatters. When averaged from three experiments, the absolute numbers of y5 T cells per thymus were 
0.9 X 10^ and 1.3 x 10* for wild-type and LAT^*"^ liiicrmatcs, respectively. 

Figure 3. Constitutive type-2 cytokine production in CD4 T cells freshly isolated from LAT^'^^^ 
peripheral lymphoid organs. (A). Analysis of the cytokine transcripts expressed in ex vivo CD4 T cells 
isolated firom the spleen of wild-type (lane 3) and LAT^*^**" (lane 4) mice. Total RNA was analyzed by 
a multiprobe ribonuclease protection assay using a MCKl RiboQuant mouse template set. The 
autoradiogram also shows the MCKl -probe set not treated with RNase (lane 1) and a control sample 
provided by the supplier (lane 2). The identity of the various protected bands is indicated on the right 
(B) Analysis of the cytokine transcripts expressed in CD4 T cells isolated from wild-type- (lane 2) and 
mice following stimulation by PMA/ionomycin for IS hr. Lane I corresponds to 
wild-type CD4 T ceils that were grown under T||2 polarizing conditions. Samples were processed as 
described in (A). (C) IL*2, IL-4, IL-S and IFNy production analyzed at the single cell level. Ex vivo 
CD4 T cells purified from wild-type and from LAT^"**' lymph nodes were cultured for 4 hr in the 
presence of monensin to trap cytokine in the endoplasmic reticulum. During the culture period, cells 
were cither left unstimulated or stimulated with an anti-CD3-e antibody, or with PMA/ionomycin. At 
the end of the culture, cells were processed for intracellular staining. Numbers indicate percentages of 
cells In the respective gates. 

Figure 4. Hyperactivated B lymphocytes and massive serum levels of IgB and IgGI antibodies in 
unimmunized LAT^^^'^micc. (A) Dot plots show the B220 vs MHC class II profiles of wild-type and 
U^^Yi36F 3 Q^jj^g j^^jj^^ 8220*°"^ and B220**'^ B cell populations. Data arc representative of 4 
mice aged 6-7 weeks. (B) Sera from 6-week old wild-type and LAT^^^^*" mice were subjected to a 
tenfold serial dilution and the titres of the specified Ig isotypes determined by ELISA. Data are 
representative of 3 mice. (C) Early appearance of IgE and IgGI in the sera of LAT^'^ mice. The 
concentrations of IgB and IgGI found in individual mice were plotted on a logarithmic scale. 
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Suplemcntary IVIaterial 
Mice 

Mice were inQintaincd in our specific pathogen- free animal facility. Fetal thymi were analyzed 
between days 14.5 and day 19.5 of gestation (referred to as EI4.5, EI9.5, etc.). Recombination 
activating gene (RAG)-U and TCRa- deficient mice were originally obtained from B. Spanopolou (1) 
and MJ. Owen (2), respectively CD3»& dcHcient mice were obtained as previously described 
(CD3-e^ ; 3). Mice lacking both MHC class I and MHC class II molecules were derived by 
interbreeding P2*microglobulin-dcficient mice (4) and MHC class ll-deficicnt mice (5). 

LAT Y136F mutation. 

LAT genomic clones were isolated from a 129/Ola phage library. Alter establishing the 
nucleotide sequence and the exon-intron structure of the LAT gene, the tyrosine residue found at 
position 136 and encoded by exon 7 was mutated to phenylalanine. Mutagenesis was performed on a 
1717-bp Eco Rl-Xba I fragment encompassing part of exon 5, exons 6, 7 and S. In addition to the 
Intended mutation, a new Bgl 11 restriction enzyme cleavage site was introduced in the intron 3* of 
exon 7 to accomodate the LoxP-flankcd nco"^ gene and facilitate subsequent identification of LAT 
YI36F mutant mice. Finally, the targeting construct was extended to give 1.7 kb and 4.8 kb of 
homologous sequences 5' and 3' of the EcoRNXbal fragment^ respectively (sec supplemental Fig. lA). 
After cicctroporation of CK35 i29/SV ES cells (6)» and selection in G4I8, colonies were screened for 
homologous recombination by Southern blot analysis. The 5* single-copy probe is a 0.9-kb Bgl Il-Xba 
I fragment isolated from a LAT genomic clone. When tested on Bgl Il-digested DNA, the 5* probe 
hybridizes either to a 8.5 kb wild-type fragment or to a 4.5 kb recombinant fragment. Homologous 
recombination events at the 3* side were screened by long range PCR. Homologous recombinant ES 
clones were further checked for the presence of the intended mutation by sequencing the genomic 
segment corresponding to exon 7. Finally, a neo probe was used to ensure that adventitious non« 
homologous recombination events had not occurred in the selected clones. 
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Production of mutant mice. 

Mutant ES cells were injected into Baib/c blastocysts. Two LAT^'^^'' recombinant ES cell clones 
wore found capable of germlinc transmission. The two mutant mouse lines were first bred to Deleter 
mice (7) to eliminate the Lox P-flankcd neomycin cassette, and intercrossed to produce homozygous 
mutant mice. The two independently-derived mutant tines showed indistinguishable phenotypc. To 
confirm that the LAT Y136F mutation had been genuinely introduced, LAT transcripts were cloned by 
reverse transcription and PGR amplification from the thymus of the mutated mice, and the presence of 
the intended mutation confirmed by DNA sequence analysis. Screening of mice for the presence of the 
LAT Y136F mutation was performed by PGR using the following pairs of oligonucleotides: c : 5'- 
GTQGGAAGCTACGAGAAGCAGGGT-3' ; d : 5*-GACGAAGGAGCAAAGGTGGAAGGA-3'. The 
single Lox P site remaining in the LAT^*^*^ allele after deletion of the nco' resulted in an amplified 
PGR product 140 bp-longer than the 5 10 bp-long fragment amplified from the wild-type LAT allele. 

Purification of CD4^ T cells and eosinophils. 

Lymph node and spleen cells from several mice were pooled and the GD4'^ cells purified using a 
high gradient magnetic cell separation system (8). Eosinophils were sorted on a FAGSvantage on the 
basis of their FSC*^s\ HSA*, and CD! lb* phenotypc. 

Preparation of T cell hybridomas. 

Purified CD4* T cells (>96% purity) were activated with a combination of PMA (5ng/ml, Sigma) 
and ionomycin (250 ng/ml, Sigma). After 18 hours at 37''G, cells wcro fused to BW cells, a variant of 
the BWS147 thymoma deprived of functional TCR a and P chain genes (9), and the resulting T cell 
hybridomas selected as previously described (10). 

Stimulation of T cell hybridomas. 

In brief, 0.25 ml microcultures were prepared containing 10^ responding cells and 10^ irradiated 
(20 Gy) splenocytcs. For stimulation with the anti-CD3-8 antibody 201 1, the bottom of microtiter 
wells was precoated with SOjil of a \0\igfm\ solution of antibody. Cultures were for 20h, at which time 
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culture supernatants were harvested and assayed for the level of lL-2 using the IL-2-dcpcndcnt T cell 
line CTL-L. The amount of [^H] thymidine incorporated into CTL-L cells was measured by direct p 
counting. 

Antibodies and flow cytometric analysis. 

Before staining, cells were prcincubatcd on ice for at least 10 min with polyclonal mouse and rat 
Ig to block Fc receptors. Flow cytometric analysis was performed as described previously (3). All the 
antibodies were from BD Pharmingcn except the anti-CCR3 antibody that was purchased from R&D. 

Staining for intracellular cytoliincs. 

Before intracellular cytokine staining, cells (1.5 x 10^) were cultured for 4 h in the presence of 
monensin (GolgiStop; BD PharMingen) at a final concentration of 2 jiM. Cells were then immediately 
placed on ice, washed, rcsuspcnded in PBS IX, 1% FCS, 0.90% sodium azide, and stained with an 
APC-conjugated anti-CD4 antibody. For intracellular cytokine staining, cells were first fixed using the 
cytofix/cytoperm kit (BD PharMingen). Each cell sample was subsequently split into aliquots that 
were separately stained with (I) a combination of FlTC-conjugatcd anti-lFN-y and PE-conjugatcd 
anti-IL-2 antibodies, (2) a combination of FlTC-conjugatcd anti*lL-5 and PE-conjugated anti*IL-4 
antibodies, and (3) a combination of fluorochrome-conjugated and isotype-matched negative control 
Ig (BD PharMingen). After a final wash, CD4* cells (10^) were analyzed on a FACSCalibur'^ flow 
cytometcr after gating out dead cells using forward and side scatters. 

RNasc protection assay. 

For multiplex cytokine transcript analysis, total cellular RNA was isolated from the specified 
cells using TRlzol (GIBCO-BRL Life Technologies) and analyzed by ribonuclcase protection assay 
using an MCK-I RiboQuant custom mouse template sot (BD Pharmingcn). Briefly, "P-labeled 
riboprobes were mixed with 10 ^g of RNA, incubated at se^'C for 12 to 16 hours, and then treated 
with a mixture of RNascs A and T I and proteinase K. Rnasc-protccted '^P-Iabeled RNA fragments 
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were separated on denaturing polyacrylamidc gels and the intensity of the bands evaluated with a Fuji 
imaging plate ^tcm. 

SDS-PAGE and Immunoblotting* 

For Western blot analysis of LAT expression, cells were lyscd in Triton X-lOO lysis buffer 
(25mM Hcpcs, pH 7.4; 150 nm NaCI; 1.5 mM MgCb; 0.2 mM EDTA; and IX complete protease 
inhibitors, Roche) for 30 min on ice at a concentration of I x lO^cclls/in!. Nuclei were removed by 
centrifiigation at 12000 x g for 10 mIn at 4*'C. Cell lysates were analyzed by gel clctrophorcsis using 
SDS-PAGE, and western blotting performed widi a rabbit anti-LAT serum (Upstate Laboratories). 

Determination of serum isotype-spccific immunoglobulin levels. 

The titres of polyclonal IgM, IgGl, IgG2a, IgG2b, lgG3 and IgA antibodies and k and K light 
chains were determined using isotypc-specific ELISA (Southern Biotechnology). The concentrations 
of IgG I and IgE were determined by comparing test sample dilution series values with isotype control 
standards. 

RNA-PCR amplification. 

RNA-PCR amplification was performed on total RNA as previously described (11). The 
sequences of the primers used in Supplemental Figure 2 werc : 
LAT: 5'.GATTGGCTCATGGGGATCACGTG.3', 
NEC: 5*.CGCACGGGTGTTGGGTCGTTTG-3', 
MBP-1: 5*-GAGCGTCTGCTCTTCATCTGA.3', 
MBP.2: 5»-CACTGAAACTGTGAATGGAGGC-3*, 
CCR3-I : 5*-ATGGCATTCAACACAGATGAAATC-3', 
CCR3-2: 5'-ACTAAAACACCACAGAGATTTCTTGCT.3*, 
Thy-M : 5*.TGGACTGCCGCCATGAGAAT.3*, 
Thy-1.2 : 5*-TCACAGAGAAATGAAGTCCAG-3', 
actin-1: 5'-GACTCCGGTGACGGGGTCACC-3', and 
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actin-2: 5'-CACGATOGAGGGOCCGGACTC-3'. 
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Supplemental Figure 1. Generation and identification of LAT Y136F Icnoclc-in mice. (A) 
Schematics of LAT Y136F knock*in strategy. (I) Partial restriction map of the wild-type LAT gene. 
Exons are shown as Hllcd boxes. The restriction sites arc: Bg, Bgl II and Xb, Xba L (2) Targeting 
vector used for the introduction of the LAT Y136F mutation. The codon present in cxon 7 and 
corresponding to residue YI36 was mutated to phenylalanine, and a novel Bgl 11 site simultaneously 
introduced in the intron 3* of exon 7 to facilitate the insertion of the loxP-flankcd nco' gene and to tag 
the LAT YI36F mutation. Open boxes correspond to the thymidine kinase expression cassette (TK), to 
the lox P-flankcd nco' gene, and to the pBIucscript II KS* vector (pBS). Lox P sites arc shown as filled 
triangles. (3) Structure of the targeted allele following homologous recombination. (4) Final structurc 
of the targeted allele after removal of the neo' gene via Cre-mcdiatcd recombination. The 5' single- 
copy probe used to verify 5* targeting events is indicated and the position of the PGR primers used to 
verify the presence of appropriate 3* targeting events indicated by arrows. (B) Southern blot analysis of 
the two recombinant ES cell clones that gave gcrmlinc transmission. DNA was digested with Bgl II 
and hybridized with the 5' single-copy probe. (C). Western blot analysis of LAT proteins in CD4* T 
cells isolated from wild-type (wt) and LAT^"*^*" mice. Cell lysatcs were analyzed by Western blot 
using anti-LAT rabbit antiserum. The blot was stripped and reblotted for Thy- 1. 

Supplemental Figure 2. Eosinophilla in 6-wcek old LAT^"**" tliymi and peripheral lymphoid 
organs (A). The upper panel dot plot shows the position of the gate that was set to include thymic 
cells with an intermediate forward scatter (FSC) and a high side scatter (SSC). Lower panels 
correspond to single color histograms of gated cells after staining with anti-CD 1 lb, anti-CD 1 Ic, anti- 
MHC class II, anti-HSA, anti-CD44, and anti-CCR3 antibodies. When averaged from four 
experiments using window setting similar to the one shown in this figure, the percentage and absolute 
numbers of eosinophils per 6-wcck old LAT^"^*" thymus, were 13% and 3.1 x I0^ respectively, (B) 
Eosinophils sorted from d-week old LAT^'"*" lymph nodes on the basis of their SSC**', CD I lb* and 
HSA* phcnotypc were analyzed by cytospin and stained with hematoxylin and eosin (magnifications 
I60x and lOOOx). (C) RNA-PCR analysis of LAT, CCR3, and MBP expression in NIH 3T3 fibroblasts 
(lane I), RAG- 1 -deficient thymocytes (lane 2), LAT-deficient tliymocytcs (lane 3), and in eosinophils 
sorted from 6-weck old LAT^'"''thymi (lane 4) and lymph nodes (lane 5) on the basis of their SSd**, 
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CDIIb'*' and HSA^ phcnotypc. To evaluate whether LAT transcripts were expressed in thymic 
eosinophils sorted from LAT^"*^ thymocytes from mice deficient in either RAG-1 or LAT were used 
as positive and negative controls, respectively. Total RNA was reverse transcribed and tlie resulting 
cDNAs amplified with 30 cycles of PGR using pairs of specific primers. Each ampHlicd product was 
run on agarose gel and revealed by ethidium bromide staining. Control PGR were set up in parallel 
using a pair of primers specific for the actin gene to control for the quantity and quality of RNA in 
each sample. The lack of contaminating T cells in sorted eosinophils was corroborated by PGR with a 
pair of primers specific for Thy-1 transcripts. 

Supplemental Figure 3. A mutation affecting the function of the pre-TCR prevents the 
pathological effects of the LAT Y136F mutation. The LAT^'^^^ allele was bred on a CD3-E- 
deficient (CD3-e^') background to generate mice of CD3-e^^ x LAT^'^^**' genotype. Thymocytes and 
splenocytcs from wild-type, CD3-£^, LAT^*^^^ and CD3-e^* x LAT'^"*'' mice at 6 weeks of age, were 
analyzed for the expression of CD4 versus CDS and of CD4 versus CD25. The percentage of cells 
found in each window is indicated and the total numbers of ceils found in each organ indicated above 
the corresponding dot-plots. Eosinophils were found in LAT^'^^*^ thymi and excluded from die 
analysis using side scatter/forward scatter dot plots. 

Supplemental Figure 4. The simultaneous lack of MHC class I and MHC class II molecules 
prevents the pathological effects of the LAT Y*^^ mutation. The LAT^'^^*" allele was bred on an 
MHC class 1- and MHC class II- deficient (MHC KO) background to generate mice of MHC KO x 
LAT^'^^^ genotype. Dot plots show the CD4 vs CDS and CD4 vs CDS profiles of thymic and splenic 
cells from wild-type, MHC KO and LAT^'^'^x MHC KO mice at 6 weeks of age. Eosinophils were 
only found in LAT^"^^ thymi and excluded from the analysis using side scatter/forward scatter dot 
plots. The percentage of cells found in each window is indicated and the total numbers of cells found 
in each organ and avemgcd from 3 mice showed above the corresponding dot plots. 
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